Nucleotide-binding oligomerization domain 2 (Nod2) is an intracellular receptor that can sense the bacterial peptidoglycan component, muramyl dipeptide. Upon activation, Nod2 induces the production of various inflammatory molecules such as cytokines and chemokines. Genetic linkage analysis identified and revealed three major mutations in Nod2 that are associated with the development of Crohn's disease. The objective of this study is to further characterize this protein by determining whether Nod2 is posttranslationally modified by O-N-acetylglucosamine (O-GlcNAc). O-GlcNAcylation is one type of posttranslational modification in which the O-GlcNAc transferase transfers GlcNAc from UDP-GlcNAc to selected serine and threonine residues of intracellular proteins. We found that wild-type Nod2 and a Nod2 Crohn's-associated variant are O-GlcNAcylated and this modification affects Nod2's ability to signal via the nuclear factor kappa B pathway.
Introduction
The human innate immune system is the first line of defense against pathogens. This system is critical in distinguishing the "good" vs. "bad" bacteria that populate the human body (Janeway and Medzhitov 2002) . The misrecognition of bacteria by the innate immune system is one factor that causes inflammatory disorders, including Crohn's disease (Macia et al. 2012) . The innate immune receptors or pattern recognition receptors (PRRs) play major roles in recognizing bacterial components (Tosi 2005) . Membrane-bound Toll-like receptors and cytoplasmic NOD-like receptors (NLR) are two major forms of PRRs (Martinon and Tschopp 2005) . Nucleotide-binding oligomerization domain 2 (Nod2), a human NLR cytoplasmic receptor senses bacterial components (Magalhaes et al. 2011) . Upon binding to its bacterial-derived ligand, Nod2 can interact with receptor-interacting protein 2 to activate nuclear factor kappa B (NF-κB), a transcription factor that can induce the production of various inflammatory molecules (Abbott et al. 2004; Grimes et al. 2012; Mo et al. 2012) . Mutations in Nod2 are associated with Crohn's disease and with a decreased ability to activate the NF-κB pathway (Hugot et al. 2001) .
Bacterial cell wall, a peptidoglycan, is a highly conserved structure found in all bacteria. Peptidoglycan contains a repetition of carbohydrates, N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (Figure 1 ) cross-linked by short chains of peptides to form a lattice surrounding the entire cell (van Heijenoort 2001; Lovering et al. 2012) . Large amounts of GlcNAc and other bacterial cell wall building blocks, such as UDP-GlcNAc, are released during bacterial growth/ division and bacterial host invasion (Park and Uehara 2008; Naseem et al. 2012) . GlcNAc is not only important in bacterial cell wall but also serves as a metabolite of the hexosamine biosynthetic pathway, one endpoint of which is the modification and regulation of proteins by O-GlcNAcylation (Groves et al. 2013) .
O-GlcNAcylation is a dynamic posttranslational modification in which the O-GlcNAc transferase (OGT) transfers GlcNAc from UDP-GlcNAc to selected serine and threonine residues, whereas O-GlcNAcase (OGA) removes O-GlcNAc from target proteins (Torres and Hart 1984; Dong and Hart 1994; Wells et al. 2001) (Figure 1 ). This modification is found on nuclear, mitochondrial and cytoplasmic proteins (Holt et al. 1987; Hart et al. 2007 ). Further, misregulation of O-GlcNAcylation has been linked to a number of human diseases (Groves et al. 2013; Yang and Suh 2014) . O-GlcNAc is thought to regulate proteins in a manner analogous to protein phosphorylation, and like phosphorylation the levels of O-GlcNAc responds to numerous extra-and intracellular signals, including those that simulate an immune response in lymphocytes such as lipopolysaccharide (Raetz and Whitfield 2002) . However, the relationship between GlcNAc, bacterial cell wall fragments and cytoplasmic innate immune receptors, such as Nod2 is still unclear. Here, we define the role of O-GlcNAcylation on regulating the function of wild type and Crohn's-associated variants of Nod2.
Results

O-GlcNAcylation of Nod2
Nod2 was assayed for the O-GlcNAc modification using the GlcNAcspecific antibody, CTD110.6. Briefly, HEK293T cells that stably express Nod2 with a Myc epitope tag on the N-terminus (Nod2Myc) (Mohanan and Grimes 2014) were treated with or without the O-GlcNAcase inhibitor, Thiamet-G (1 µM, 4 h) (Yuzwa et al. 2008) . Nod2 was immunoprecipitated from cell lysates with an antiMyc antibody and detected with CTD110.6 (Figure 2A and B) . In order to ensure that the antibody, CTD110.6, was truly detecting the O-GlcNAcylation modification, the CTD110.6 antibody was preincubated with free GlcNAc and then used in the western blot analysis ( Figure 2B and C) (Zachara et al. 2011) . When Thiamet-G is present, the level of O-GlcNAcylation increases ( Figure 2B ). When the free GlcNAc is used in the experiment, the band for O-GlcNAcylation is no longer present ( Figure 2C ). Next, the reverse assay was performed using the antibodies for the O-GlcNAc modification and assayed for the presence of Nod2. Nod2 was immunoprecipitated ( Figure 2D ).
Together, these data demonstrate that Nod2 is posttranslationally modified by OGT.
O-GlcNAcylation level regulates Nod2 half-life in cells
Previous studies demonstrated that O-GlcNAcylation can regulate protein stability and function (Chu et al. 2014) . We hypothesized that this modification could affect Nod2 stability, as it has previously been shown that Nod2 is inheritably unstable. In order to test this, the classical protein half-life experiment using cycloheximide (100 µg/mL), a translational inhibitor, was performed (Schneider-Poetsch et al. 2010) . When cells are not treated with Thiamet-G, the half-life is 10.6 ± 2.4 h. However, when cells are treated with Thiamet-G (1 µM, 4 h), the half-life is 17.3 ± 4.5 h ( Figure 3A and B), suggesting that the modification alters the stability of Nod2, via either direct or indirect mechanisms. Additional experiments would need to be conducted to show that O-GlcNAc on Nod2 is directly impacting its stability.
O-GlcNAcylation regulates Nod2-induced NF-κB activity
Nod2 is known to activate the NF-κB pathway upon stimulation by muramyl dipeptide (MDP, Figure 1 ), triggering an inflammatory response. In order to determine the impact of O-GlcNAcylation on Nod2-dependent NF-κB signaling pathway, an established NF-κB luciferase reporter assay was employed (Mohanan and Grimes 2014) . The data show that Nod2 increased NF-κB activation when O-GlcNAcylation levels were increased in HEK293T-Nod2Myc/ tet-op cells and increased O-GlcNAcylation does not generally activate NF-κB ( Figure 3C ). In order to determine if this was an effect primarily on Nod2 or other downstream NF-κB proteins, TNF-α, which is not dependent on Nod2, was used. Thiamet-G did not potentiate TNF-α-dependent activation of NF-κB suggesting that in the context of MDP activation O-GlcNAc is acting on Nod2 ( Figure 3C ). As MDP is structurally similar to GlcNAc (Figure 1) , we assayed the ability of Nod2 GlcNAcylation levels to increase in the presence of this molecule; there was no difference in O-GlcNAcylation levels upon MDP treatment in the presence or absence of Thiamet-G ( Figure 3D and E). Suggesting that the increase in NF-κB activity when treated with Thiamet-G is a result of increased stability of Nod2, either by modification with GlcNAc or other mechanisms.
Nod2 variant is O-GlcNAcylated and increasing O-GlcNAcylation increases its stability and activity
It has been shown that the Nod2 Crohn's mutants are defective in their ability to signal the presence of bacterial cell wall fragments. Moreover, it has been shown that stabilization of Nod2 via overexpression of Hsp70 restores the ability for the mutants to signal (Mohanan and Grimes 2014) . Therefore, the Nod2 Crohn's mutants are less stable, leading to decreased protein levels and ability to activate NF-κB pathway. We considered whether the Nod2 Crohn's mutants could be modified by OGT and whether the O-GlcNAc modification of Nod2 could affect the ability of the mutant's stability and ability to signal. A HEK293T cell line stably expressing a Nod2 mutant (702) was treated with Thiamet-G (1 µM, 4 h). Nod2 was immunoprecipitated from the resulting cell lysates and the levels of O-GlcNAc were assessed by immunoblotting ( Figure 4A and B) . When Thiamet-G is Fig. 1 . UDP-GlcNAc is used a substrate for (A) the human enzyme, OGT and (B) the bacterial cell wall biosynthetic enzymes. MDP structure is highlighted in red.
present, the level of O-GlcNAcylation increases ( Figure 4A and B) . The data show that the Nod2 Crohn's-associated mutant is modified with O-GlcNAc. In addition, increasing the levels of the O-GlcNAcylation increased the half-life of the mutant Nod2 from 8.1 ± 1.7 to 15.0 ± 1.8 h (Figure 4C and D). Finally, if the level of the O-GlcNAc modification is increased with Thiamet-G, cells had a significant increase in MDP-induced NF-κB activity ( Figure 4E) .
Thus, increasing the levels of O-GlcNAc in the cell leads to changes in stability and activity of both the wild-type and Crohn's-mutant Nod2.
Discussion
Nod2 is an innate immune receptor that recognizes bacterial cell wall fragments and triggers an inflammatory response. In 2001, genetic linkage analysis showed that Nod2 mutations are associated with an incidence of occurrence for Crohn's disease (Ogura, Bonen, et al. 2001; ). Crohn's disease is a chronic inflammatory disorder that affects 750,000 people in the United States. Further studies showed that Nod2 mutations linked to Crohn's disease is a loss-of-function mutation that lacks the ability to respond to bacterial invasion, which is predicted to be the cause for the chronic inflammation associated with the disease. Currently, there is no cure for this disease.
Recently, we have shown that Nod2 is an unstable protein and the Crohn's-associated mutants are even more unstable. We have shown that overexpression of the molecular chaperone Hsp70 restores the stability and the proper signaling to the Crohn's mutants. We proposed that targeting the stabilization of Nod2 mutants might rescue their activity by allowing the proper protein level to be maintained. In this work, we show a novel method that could be implemented to stabilize Nod2 mutants thus rescuing their activity.
Biochemically, the Nod2 protein remains to be fully characterized due to the lack of tools to study this inherently unstable protein. For the first time, we show that Nod2 is posttranslationally modified by a small carbohydrate, GlcNAc. We identified this by using antibodies that specifically detect O-GlcNAc linkage, by perform co-immunoprecipitation using GlcNAc antibodies and probing for Nod2 and vice versa. In addition, in order to initially probe the role of O-GlcNAcylation on the Crohn's-associated mutants, we performed experiments with one of the Crohn's-associated mutants; we demonstrated the 702 Crohn's-associated Nod2 mutant is O-GlcNAcylated.
Further characterization of this modification revealed that increasing the level of O-GlcNAc in cells increases the half-life of Nod2. Maintaining the stability of proteins is one of the primary effects of the GlcNAc modification on proteins (Chu et al. 2014; Zhu et al. 2015) . We have previously shown that Crohn's-associated Nod2 mutants have a decreased half-life compared with the wild type (Mohanan and Grimes 2014) . 702 Nod2 Crohn's mutant expressed in cells incubated with Thiamet-G displayed an increased half-life compared with control. Further, we determined that increasing O-GlcNAc levels using a small molecular inhibitor of OGA, Thiamet-G could affect the MDP-induced NF-κB activity via Nod2. These data demonstrate that increasing cellular O-GlcNAcylation levels not only stabilize Nod2 and its mutant but also increase its ability to activate the NF-κB pathway. Thus, this finding could have an impact on the development of novel treatments of Crohn's disease where the mutants lack their stability and fail to respond to bacterial cell wall fragments. We note that Thiamet-G is a synthetic inhibitor of the glycosidase, OGA, which removes the carbohydrate modification from Nod2. By implementing Thiamet-G in this study, we have shown that Nod2 is posttranslationally modified with the carbohydrate, GlcNAc and this modification has the ability to alter its stability and cellular response either by direct or indirect mechanisms (i.e. by increasing its ability to bind ligand or interact with other proteins).
Materials and methods
Materials
The mouse monoclonal anti-O-GlcNAc antibody, CTD110.6 and RL-2 were produced and purified by Core C4 (Department of Biological Chemistry, JHU). All other antibodies were purchased from Cell Signaling Technology. Thiamet-G was purchased from SigmaAldrich. MDP was purchased from Bachem.
Cell culture
HEK293T and HCT116 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA). HEK293T-Nod2Myc/ tet-op and HEK293T-Nod2Myc cells are previously described (Mohanan and Grimes 2014) . Cells were cultured as described (Mohanan and Grimes 2014) . HEK293T-702 Myc and HEK293T-CONTROL cell lines were created by using K2605 lentiviral vector having the Nod2-702 insert or empty vector, respectively (Mohanan et al. 2013; Mohanan and Grimes 2014) .
Western blot analysis
Analysis was performed as described in Mohanan and Grimes (2014) .
Co-immunoprecipitation
Cells were rinsed with 1× PBS, and cells were harvested and lysed as described in Mohanan and Grimes (2014) . Four milligrams of lysate were mixed with the appropriate amount of primary antibody and incubated overnight at 4°C. Lysate/antibody mixture was incubated with 40 µL of protein A Dynabeads (Invitrogen) for 3 h at 4°C. After 3 h, lysate/antibody bead mixture was washed four times as described in Mohanan and Grimes (2014) . Proteins were eluted at 100°C for 5 min with 2× loading buffer and analyzed by western blot.
Half-life determination
Cycloheximide was used at a concentration of 100 µg/mL, and the lysates were collected every 4 h. Thiamet-G was incubated 4 h prior to the addition of cycloheximide. Cells were treated, lysed, quantified for protein content and analyzed by protein gel as described in Mohanan and Grimes (2014) .
The protein bands for Nod2 and Actin were quantified using Image Lab 5.0. Actin is used as the loading control and the ratio of the intensity of Nod2 to actin bands (I r ) were used to analyze the half-life values as previously described (Belle et al. 2006) . Briefly, relative Nod2 band intensities were plotted against time assuming first-order decay (ln(I r ) vs. time). The rate constant was calculated using the negative slope of the line (k =− slope), and the corresponding half-life was calculated (T 1/2 = ln(2)/k). Each condition was performed in triplicate and the Student's t-tests were used to determine statistical significance. A P-value of ≤0.05 was considered to be statistically significant.
Luciferase reporter assay
Ten nanograms of pGL4.32 (luc2P/NF-κB-RE/Hygro), 1 ng pRL Renilla luciferase reporter vector, 0.1 ng of Nod2-CMV vector were transfected to cells (seeding density = 7 × 10 4 ) in a 24-well dish using Lipofectamine LTX. Cells were pre-incubated with Thiamet-G for 4 h and then incubated with stimuli for 5 h, and the lysates were collected to perform the Dual-Luciferase Reporter Assay (Promega) and were normalized to Renilla activity. Relative luciferase activity of firefly to Renilla is plotted. Results shown are the means ± SD of triplicate experiments.
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